Conduct disorder (CD) is one of the most prevalent childhood psychiatric conditions, and is associated with a number of serious concomitant and future problems. CD symptomatology is known to have a considerable genetic component, with heritability estimates in the range of 50%. Despite this, there is a relative paucity of studies aimed at identifying genes involved in the susceptibility to CD. In this study, we report results from a genome-wide association study of CD symptoms. CD symptoms were retrospectively reported by a psychiatric interview among a sample of cases and controls, in which cases met the criteria for alcohol dependence. Our primary phenotype was the natural log transformation of the number of CD symptoms that were endorsed, with data available for 3963 individuals who were genotyped on the Illumina Human 1M beadchip array. Secondary analyses are presented for case versus control status, in which caseness was established as endorsing three or more CD symptoms (N = 872 with CD and N = 3091 without CD). We find four markers that meet the criteria for genome-wide significance (P < 5 Â 10
Introduction
Childhood conduct disorder (CD) involves a persistent pattern of rule-breaking and aggressive behaviors, including bullying other children, stealing, vandalizing and skipping school. CD is one of the most prevalent childhood disorders. Although rates vary according to the population under study, approximately 6-16% of males, and 2-9% of females, are diagnosable with CD. 1 CD is associated with serious problems in home and school functioning, and is a strong risk factor for concurrent and future alcohol and other substance problems; several studies of adolescents who have been diagnosed with alcohol use disorders have concluded that among childhood behavioral disorders, CD has the strongest association with alcohol problems.
2-5 CD also shows considerable evidence for genetic influence. Retrospective reports of CD have estimated heritability ranging from 40 to 70%. 6, 7 Prospective reports of CD symptoms in children also show considerable evidence of genetic influence, with heritability estimates on the order of 40-50% in both boys and girls. 8 A review of > 100 quantitative genetic studies of antisocial behavior (measured using various methods) converged on a heritability estimate of 50%, 9 and a recent multiinformant study of childhood antisocial behavior showed evidence of even stronger genetic influence. 10 Furthermore, twin studies indicate that genetic influences on CD show considerable overlap with alcohol and other substance dependence. [11] [12] [13] [14] Despite strong evidence for a considerable genetic component to CD, there have been relatively few studies aimed at identifying genetic variation that contributes to the risk for this disorder. Two genomewide linkage scans have been conducted on retrospectively reported CD, using data from the Collaborative Study on the Genetics of Alcoholism (COGA) 15 and the Irish Affected Sib Pair Study of Alcohol Dependence (IASPSAD). 16 CD symptoms have also been analyzed in the context of linkage scans that focused on externalizing psychopathology more generally. [17] [18] [19] A number of chromosomal regions have been implicated by these studies, although the reported LOD scores have generally been modest, and none has yet led to the subsequent identification of an associated gene in the region. In addition, there are a small number of candidate gene studies of CD, with largely negative or inconsistent results. Association has been reported between the short allele of 5HTTLPR and CD with aggressive symptoms among adolescents ascertained through a substance abuse treatment program. 20 However, another study failed to detect an association between this polymorphism and externalizing behavior in a sample of high-risk adoptees, although secondary analyses suggested that the short allele increased risk for externalizing behaviors in conjunction with a genetic diathesis for alcohol dependence. 21 There has also been a negative report of association between the DAT1 gene and CD in adolescents. 22 A number of other studies have examined CD symptomatology in the context of ADHD, also with mixed results. One recent study reported an association between the catechol-Omethyltransferase (COMT) valine/methionine polymorphism and CD symptoms in ADHD cases, 23 whereas another study failed to replicate the association with CD symptoms in an independent sample of ADHD cases, although some evidence for association was detected with a subset of the aggressive CD symptoms. 24 In addition, CD traits among ADHD probands have been evaluated in the GAIN-ADHD sample, with no markers meeting the criteria for genome-wide significance across any of the three CD problem traits that were examined. 25 To date, no gene has yet been identified which is reliably associated with this serious and prevalent disorder. Furthermore, the gene identification efforts aimed at elucidating the underlying genetic susceptibility to CD have paled in comparison with, e.g., the considerable and extensive effort surrounding the identification of genes involved in another common childhood disorder, ADHD. 26 In this study, we report results from a genome-wide association study (GWAS) of retrospectively reported CD symptomatology.
Materials and methods

Sample
Data for this study come from the Study of Addiction: Genes and Environment (SAGE), 27 which was one of the eight phase 1 studies in the Gene Environment Association (GENEVA) consortium. 28 Cases and controls for the SAGE sample were drawn from three contributing projects: the Collaborative Study on the Genetics of Alcoholism (COGA), 29 the Collaborative Study on the Genetics of Nicotine Dependence (COGEND) 30 and the Family Study of Cocaine Dependence (FSCD). Although cases in these studies were ascertained for alcoholism, nicotine dependence (based on an FTND score of X4 in current smokers, controls being smokers) and cocaine dependence, respectively, cases for SAGE were uniformly defined as those meeting DSM-IV criteria for alcohol dependence (N = 1899). Controls (N = 1946) were unrelated individuals who were largely past the highest risk period for developing alcohol dependence, and who reported drinking alcohol but not meeting criteria for alcohol dependence at any time during their life. An additional 143 subjects who met criteria for dependence on illicit drugs but not for alcohol dependence were also genotyped and included in this study.
Measure
CD was assessed in all three studies that comprise SAGE using versions of the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA). 31, 32 Our primary phenotype was the natural log transformation of the number of CD symptoms [ln(1 þ x)] that were endorsed (raw symptom counts ranged from 0 to 13). There were 17 individuals missing CD information, yielding a total N of 3963 for analyses. Table 1 shows the distribution of the raw CD symptom counts, split by sex, before transformation. We log transformed the data due to the skew apparent in the symptom counts, and to minimize the impact of outliers at the upper end of the distribution. As expected, males were more likely to endorse CD symptoms than were females; therefore, gender was used as a covariate in all genetic analyses. In addition, we analyzed a dichotomous CD case status variable, because this phenotype and accompanying odds ratios may also be of interest. Case status was defined by the endorsement of X3 of the 15 DSM-IV CD A total of 948 658 SNPs passed data cleaning procedures.
Population stratification
The software package EIGENSTRAT/EIGENSOFT 34 was used to calculate principal components reflecting continuous variation in allele frequencies representing ancestral differences in subjects. A description of the principal components extraction process may be found in related publications. 27, 33 Briefly, two principal components, the first distinguishing AfricanAmerican participants from European-American participants and the second distinguishing Hispanic and non-Hispanic subjects, were identified and used to control for effects of population stratification. The self-reported ethnicity of the sample analyzed in this study is 2698 European Americans, 1257 African Americans and 8 individuals of other ethnicity.
Genomewide association analyses GWAS was conducted using linear and logistic regressions in PLINK, 35 for CD symptom counts and case status, respectively. Genotypes for each of the 917 694 autosomal SNPs were coded log additively (0, 1, 2 copies of the minor allele). Covariates representing sex, age (defined using quartiles as three dummy measures representing younger than 34 years, 35-39 years, 40-44 years, with older than 45 years as the reference group, as in other SAGE publications 27 ), study site, and the two aforementioned principal component scores were included as covariates. Table 2 lists all SNPs that yielded P-values < 10 À5 with either phenotype. The results are ordered by significance of P-values for the primary phenotype of natural log-transformed CD symptom count, although the SNPs listed under the horizontal rule in the table are included for P < 10 À5 with the CD case status. The left portion of the table reports results for the natural log-transformed CD symptom count, and the corresponding results for CD case status are included in the right portion of the table. All SNPs that met criteria for P < 10 À5 for one of the phenotypes also showed a corresponding P-value < 0.01 with the other phenotype, indicating general consistency across the results for both the quantitative CD symptom count variable and CD case status. Figure 1 shows a q-q plot for the observed versus expected distribution of P-values for the primary CD symptom count analysis. Four SNPs reached genome-wide significance with CD symptom count, based on P < 5 Â 10
Results
À8
. Two of these SNPs (rs16891867 and rs1861046) were in the gene C1QTNF7 (C1q and tumor necrosis factor-related protein 7). These SNPs were in high LD (r 2 = 0.97). There were 40 SNPs tested across this gene in the GWAS panel; 6 additional SNPs in the gene yielded P < 0.05. The average r 2 between these SNPs and rs16891867 and rs1861046 was 0.24 (range 0.09-0.76), indicating that they provide some independent, converging evidence of association in the gene. The other top two SNPs meeting genome-wide significance were intergenic and located on chromosomes 11 and 13.
As SAGE is an ethnically diverse sample, as described in the 'Methods' section, our primary analyses used covariates to account for ethnicity. However, for the top SNPs listed in Table 2 , we conducted secondary analyses for the primary CD symptom count variable on the European American and African American subsets of the sample to test whether the evidence for association was evident in both groups. These results are presented in Table 3 . Most SNPs yielded evidence for association in both the European-American and African-American samples, with the exception of four SNPs (rs11838918, rs8179116, rs13398848 and rs2720508), in which the evidence for association was largely limited to the African-American subgroup (P > 0.20 in the European American sample). One additional SNP, rs10776612, provided stronger evidence of association in the African-American subgroup, with P = 0.14 in the European-American subgroup. In all cases, the direction of effect was consistent in both samples, including for four SNPs in which the minor allele differed between the groups (indicated in Table 3 ).
Finally, we know that there is considerable overlap between CD and alcohol dependence, and that twin studies suggest shared genetic liability across these disorders, as described in the 'Introduction' section. 12 The extensive comorbidity between the disorders, both in our sample (83% of the CD cases also met criteria for alcohol dependence) and in the general population, makes it unrealistic to completely tease apart genetic effects on the two disorders. However, we did want to determine whether our results for CD were driven largely by association with alcohol dependence. The correlation between the natural log transformations of CD symptom count and alcohol dependence symptom count was 0.45 (P < 0.001) in our sample. We reran the top SNPs from Table 2 including the log-transformed alcohol dependence symptom count as a covariate. Results are listed in Table 4 . As expected, the P-values dropped in magnitude, though all were still significant.
Discussion
This paper reports results from one of the first (GWASs) of childhood CD symptomatology. To our knowledge, only one previous GWAS of CD traits has been conducted, and that study examined CD traits only among individuals with ADHD 24, 25 ). We find four markers that pass the threshold for genome-wide significance, and another 25 SNPs that show association with CD symptoms or CD case status at GWAS of CD symptomatology DM Dick et al
. Two of the genomewide-significant SNPs were in the gene C1QTNF7 (C1q and tumor necrosis factor-related protein 7). Very little is known about this gene. Gene expression information available from the BioGPS online database (http://biogps.gnf.org/ #goto = welcome) 36 indicates that C1QTNF7 is expressed at comparable levels across tissues. It remains unclear at this time how C1QTNF7 may be functionally involved in CD. However, the involvement of multiple other SNPs, not in complete LD with the most highly associated SNPs in the gene, bolsters confidence that this gene is associated with CD symptoms.
The other two SNPs meeting genome-wide significance were intergenic and located on chromosomes 11 and 13. The SNP rs7950811, on chromosome 11q14.3, is located at the edge of the gene LOC642791, which is similar to elongation factor 1-a; EF-1-a. The other SNP, rs11838918, on 13q31.1 is B13 kb from the nearest gene RP11-600P1.1/ LOC647298, a heatshock 60-kDa protein 1 pseudogene. None of the SNPs significant at P < 10 À5 in our GWAS represents an obvious candidate for involvement in CD. We used the online databases ToppGene 37 and DAVID 38 to assess whether our list of genes containing significant markers is functionally enriched for gene ontology categories, and whether these genes have been previously implicated in human phenotypes. Using an FDR cutoff of P < 0.05, the only enriched gene ontology category among genes implicated in the current report is the molecular function 'magnesium ion binding', which applies to two genes (ERCC4 and PDE10A). We further investigated potential commonalities among significant genes using the BioGPS online database. Six of the genes (ARHGAP22, ERCC4, NAG, SELPLG, TOX2 and ZNF330) are highly expressed in the blood; NAG is also expressed in the testis germ cell, and TOX2 is highly expressed in the thymus and lung. LOC343052 exhibits high expression levels in the ciliary ganglion, thalamus and trachea, whereas PDE10A is most highly expressed in the caudate nucleus. None of the top SNPs (or associated genes) identified in our study (at P < 5 Â 10
À5
) overlapped with any of the top 54 markers reported by Anney and colleagues to be associated with CD traits in ADHD probands at P < 10
. Furthermore, combined examination of the list of genes from our sample and the Table 3 Results from analyses of CD symptom count, split by race for all SNPs yielding P < 10 À5 (from Table 2 Anney sample, using the databases indicated above, did not indicate that the findings were enriched for any gene ontology category. However, three genes from the combined list (PDX1, ATP8B1 and ERCC4) have been implicated in pancreas abnormalities; these results are significant (FDR = 0.000047) and might be relevant given the role of the pancreas in the endocrine system. However, the largely nonoverlapping findings from the studies likely reflects differences in the sample ascertainment. Anney and colleagues studied CD traits among individuals with ADHD. Furthermore, the average age of that sample was 10.88 years (s.d. = 2.8). Our sample was ascertained through substance-dependent probands, although phenotypic information was available on the controls, in addition to the cases, which enabled us to study CD symptomatology among individuals with and without alcohol dependence. Furthermore, CD symptoms were assessed retrospectively in our sample, among adults who had passed through the period of risk for childhood CD. Accordingly, the different sample characteristics may have yielded populations with different underlying etiological factors.
We conducted several secondary analyses to examine the robustness of the detected effects. Although log transformation of the CD symptom scores has the effect of reducing the impact of outliers at the upper end of the distribution, we also conducted analyses removing the 16 males and 11 females at the upper end of the symptom count distribution (Table 1) , with results largely unchanged (data not shown). In addition, results with the binary CD case status variable were consistent with the primary analysis of log-transformed CD symptom counts. Furthermore, most of the top SNPs implicated in the primary analysis showed consistent effects in the European and African-American subgroups. Accordingly, these analyses bolster our confidence in the robustness of the findings reported in this study.
We examined whether any of the most highly associated SNPs (from Table 2 ) were located in the linkage regions implicated in the two previous genome-wide scans focused on CD symptomatology (among samples originally ascertained for alcohol dependence, as in this report), in the COGA and IASPSAD samples. Peaks in the IASPSAD sample for CD symptoms were reported with markers located on chromosomes 1, 2, 7, 8, 10 and 14, 39 and in COGA on chromosomes 1, 2, 3, 12 and 19 for CD diagnoses and symptom counts. 40 One of the associated SNPs from the CD analyses reported in this study, rs13398848, was located in a region on chromosome 2 with converging evidence of linkage across the two samples. The SNP is located B2 MB from the peak marker in the COGA scan (D2S1331), and < 8 MB from the peak marker from the IASPSAD scan (D2S2116). The SNP is intergenic; however, the closest gene downstream is CTNNA2 (Catenin, -2), located B4 MB away. CTNNA2 is an interesting candidate, as it is considered to be involved in stability of synaptic contacts, 41 and disruption of the gene in mice has been associated with fear conditioning and prepulse inhibition of the startle response. 42 Dysregulation of inhibitory responses is considered to be related to the development of conduct problems and antisocial behavior (as well as drug dependence). 43 Two additional SNPs on chromosome 10 showing evidence of association in the GWAS, rs2419006 and rs2184898, were located 1 and 4 MB, respectively, from markers yielding significant evidence of linkage (D10S597 and D10S1679) in the IASPSAD sample. These SNPs were also intergenic. None of the other top SNPs from Table 2 were located within 10 MB of peak markers from the linkage scans.
The results from this study should be interpreted in the context of several limitations. The sample analyzed in this study (SAGE) consisted of cases and controls originally ascertained for alcohol dependence; accordingly, rates of CD were higher in our sample (22% meeting case status for CD) than in general population samples; for example, the National Epidemiological Survey of Alcohol and Related Conditions (NESARC) has reported rates of CD of B5% among a general population-based sample.
44 However, NESARC also observes a strong relationship between CD and alcohol dependence; 44 accordingly, it is not surprising that we would find elevated rates of CD among a sample ascertained for alcohol dependence. We would also expect the converse to be true: that a sample ascertained based on CD would show high rates of alcohol dependence; accordingly, it would be difficult, and perhaps artificial, to study one disorder outside the context of the other. Our secondary analyses using alcohol dependence symptom counts as a covariate suggested that the results observed in this study for CD were not driven solely through association with alcohol dependence. Similarly, there was no overlap in the most highly associated SNPs reported with alcohol dependence (P-valuep1E-06) in the SAGE sample, 27 and the most highly associated SNPs with CD, reported in this study. Another limitation is that we did not have sufficient information on the sample to make full CD diagnoses according to DSM-IV; accordingly, we defined case status solely on the basis of the symptom threshold for DSM-IV diagnoses, and without taking into account clustering; this practice has been applied in previous studies. 45 Another limitation is that we used retrospective reports of CD. The age range of the sample was quite broad (18-77); accordingly, some participants were reporting on adolescent behavior at a much later time in life. To ensure that the results were not unduly influenced by this, we reran the top hits from Table 2 in the younger half of the sample, as defined by a median split on the age variable (p39 years). The magnitude of the P-values was not as significant, as would be expected with a reduction in sample size of B50%; however, nearly all P-values were still on the order of 10 À3 or lower, and, importantly, the top hits in C1QTNF7 were still significant at P < 10
À7
. Accordingly, we feel confident that the results are not driven by poor retrospective reports among older participants.
There is a literature suggesting that there may be etiologically different subtypes of CD symptomatology, with distinctions between aggressive and rulebreaking forms of antisocial behavior. 46 We do not find evidence for two different factors in this sample; rather, all symptoms load onto a single factor (data not shown). Nonetheless, we did create sum symptom scores for the symptoms that loaded onto the aggressive and rule-breaking factors as reported in previous studies. 47 We reran the top hits reported in Table 2 for the aggressive and rule-breaking symptom counts, respectively. There was association across both symptom dimensions. This is perhaps not surprising as the symptoms all loaded onto a single factor in this sample. Thus, we find no evidence that the findings reported in this study are differentially associated with aggressive and rule-breaking dimensions of CD.
In summary, we report results from the first GWAS of CD symptomatology not occurring solely in the context of ADHD. We find four markers that meet criteria for genome-wide significance, and several more with highly significant (P < 10
À5
) evidence of association. The current literature on genes involved in CD is extremely limited, despite the prevalence and long-term serious consequences associated with the disorder. None of our top hits reside in genes whose functions are well characterized. This is one of the strengths of GWAS-the ability to identify novel genes that force us to expand our theories surrounding the underlying biological underpinnings of disease etiology. Replication of our findings will be key. It is our hope that these results will drive additional studies aimed at elucidating the genetic basis for CD. 
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